High grade gliomas (HGGs) are characterized by resistance to radiotherapy and chemotherapy. Targeting Rad51-dependent homologous recombination repair may be an effective target for chemo-and radiosensitization. In this study we assessed the role of Rad51-dependent repair on sensitivity to radiation and temozolomide (TMZ) as single agents or in combination. Repair protein levels in established glioma cell lines, early passage glioblastoma multiforme (GBM) cell lines, and normal human astrocytes (NHAs) were measured using western blot. Viability and clonogenic survival assays were used to measure the effects of Rad51 knockdown with radiation (XR) and TMZ. Immunocytochemistry was used to evaluate kinetics of Rad51 and g-H2AX repair foci. Immunohistochemistry was used to assess Rad51 protein levels in glioma specimens. Repair proteins including Rad51 are upregulated in HGG cells compared with NHA. Established glioma cell lines show a dose-dependent increase in Rad51 foci formation after XR and TMZ. Rad51 levels are inversely correlated with radiosensitivity, and downregulation markedly increases the cytotoxicity of TMZ. Rad51 knockdown also promotes more residual g-H2AX foci 24 h after combined treatment. Newly established GBM cell lines also have high Rad51 levels and are extremely sensitive to Rad51 knockdown. Clinical samples from recently resected gliomas of varying grades demonstrate that Rad51 levels do not correlate with tumor grade. Rad51-dependent repair makes a significant contribution to DNA repair in glioma cells and contributes to resistance to both XR and TMZ. Agents targeting Rad51-dependent repair would be effective adjuvants in standard combination regimens.
H igh-grade gliomas (HGGs) are amongst the clinically poorest prognosis adult tumors, with median survival even in the best prognosis groups being little over a year. Historically these tumors were treated with maximal resection, followed by external-beam beam radiotherapy, after which local control was rarely achieved despite attempts at significant dose escalation. 1 Clinical data have shown that the addition of temozolomide (TMZ) chemotherapy to standard dose radiotherapy improves overall survival, and recently updated 5-year follow-up data suggest that this effect persists with longer follow-up. 2 TMZ is an alkylating agent whose main toxicity is mediated through methylation of the 06 position on guanine. 3 The 06-methyl guanine methyltransferase (MGMT) repair enzyme is able to remove the damaged base, but cellular activity levels of this enzyme vary. In gliomas, downregulation of MGMT is most commonly due to methylation at the promoter region, which is present in around 40% of tumors at first presentation. 4 In MGMT-deficient and mismatch repair (MMR) proficient cells, it is hypothesized that unrepaired methylation of guanine promotes futile rounds of MMR utilizing MutSa proteins MSH2 and MSH6, leading to formation of DSBs during the subsequent S-phase; in vitro data support a delayed damage response that triggers G2 cell cycle block via ataxia telangiectasiamutated (ATM)/ATM and Rad3-related (ATR) signaling. However, apoptosis may also occur in subsequent cell cycles, presumably due to late activation of MMR or initial lesion tolerance followed by genomic instability. 5 -7 Other data have suggested that the MMR proteins themselves can also signal directly to an ATR-mediated response to activate ATRIP/Chk1 in response to DNA methylation. 8 A significant clinical response to TMZ treatment is likely to be limited to patients whose tumors have normal MMR and downregulation of MGMT. Loss of the MMR protein MSH6 has been shown to be associated with progression during TMZ treatment and may represent an important mechanism of drug resistance at relapse. 9 Other repair pathways may also be relevant to TMZ sensitivity, including TP53-dependent signaling, since wtTP53 may be associated with sensitivity to TMZ, independent of MGMT status. 10 Interestingly, recent data suggest that repair of alkylating agent -induced DSB may be predominantly through homologous recombination (HR) rather than nonhomologous end joining (NHEJ). 11 The mechanisms by which TMZ enhances the effect of radiotherapy treatment are beginning to be defined. There is some evidence that concurrent treatment produces enhanced radiosensitivity in glioma cells with low MGMT activity and that this may be associated with downregulation of DSB repair mechanisms that are dependent on histone phosphorylation. 12 However, whether a radiosensitizing effect is observed is cell line dependent, and different investigators have reported differing outcomes in various models when combined treatment is used. 10,13 -15 We have recently shown that the predominant effect of combination treatment is additive toxicity, which is highly dependent on scheduling of the two agents. 16 In repair of DSBs following irradiation in glioma cell lines, the NHEJ pathway utilizing DNA-PKcs is important, as demonstrated by comparing the radiosensitivity of the paired glioma cell lines MO59J and MO59K, which are DNA-PKcs deficient and proficient, respectively, and by the radiosensitizing effect of dominant negative Ku70. 17, 18 Recent data suggest that the effect of DNA-Pkcs inhibition may be mediated by induction of autophagy. 19 In previous publications we have also shown radiosensitization in vitro using DNA-PKcs inhibition to reduce NHEJ in glioma cells and have more recently demonstrated the effects of inhibiting DNA damage signaling through ATM and ATR, which affect mainly checkpoint responses. 16, 20 Other studies focusing on radiosensitivity of glioma cells have demonstrated the potential influence of specific proteins, including Survivin, that are thought to influence antiapoptotic pathways.
21
Rad51 is the central protein in controlling strand invasion and recombination in human cells during replication and in response to DNA damage. Rad51 foci can be visualized by immunofluorescence after exogenous damage causing double strand breaks and in S-phase at sites of ssDNA at lesions that promote recombination during replication. The control of Rad51 protein levels is partially cell-cycle dependent, with higher levels expressed during G2/S phase in many cell types. 22 Recent data elucidating the control of Rad51 foci formation suggest that this is mediated by release of the protein from BRCA2 binding following phosphorylation of BRCA2 at specific sites by CDK1 and the checkpoint signaling protein Chk2. 23, 24 Rad51 expression can also be induced by DNA damage following chemotherapy treatment and contributes to resistance to doxorubicin. 25, 26 In many circumstances Rad51-dependent repair may contribute only a small proportion of total DSB repair capacity, contributing mainly to the slow component of DSB repair during the G2 phase at sites of heterochromatin and to repair replication-associated damage. 27 Nevertheless we have postulated that Rad51 protein levels may be particularly relevant in influencing radioresistance in TP53 mutated cell lines, with an abrogated G1 checkpoint response following DNA damage, such that they are overreliant on a dosesensitive G2 checkpoint and therefore on Rad51-dependent repair during G2. 28 Other authors have demonstrated previously that glioma cell lines express high Rad51 protein levels and that they can be radiosensitized by targeting Rad 51-dependent repair, with antisense targeting Rad51 or with Gleevec. 29 -31 In view of these data and the recently published evidence of the role of homologous recombination in repair of alkylating agent -induced DSB, we hypothesized that DSB repair inhibition during G2 may promote enhanced radio-and chemosensitization when radiation (XR) or TMZ is used as a single agent and may convert additive toxicity to a synergistic effect when they are used in combination.
We investigated the role of Rad51-dependent repair following XR and TMZ in a series of established HGG cells and found that these cells demonstrate high protein levels and prominent Rad51 foci formation after XR and TMZ. We found that Rad51 downregulation using RNA interference was associated with enhancement of cell killing after XR and TMZ used as single agents and that the level of knockdown directly influenced the amount of additional toxicity observed. When XR and TMZ were used together in cells with Rad51 knockdown, the major effect was on TMZ cytotoxicity. In these experiments we also documented increased residual DNA damage at 24 h, suggesting that agents that inhibit Rad51-dependent repair would be effective adjuvants in clinical regimens using daily treatment. We also studied 2 newly established glioma cell lines from surgical specimens of glioblastoma multiforme (GBM) that also showed high Rad51 levels. When Rad51 protein levels were knocked down in these cells, there was a dramatic reduction in viability. However, we could not confirm previous data suggesting that Rad51 levels assessed by immunohistochemistry are associated with prognosis in glioma. In our series of clinical specimens of gliomas of various grades, Rad51 expression levels measured by immunohistochemistry did not correlate with grade.
Materials and methods

Cell lines
Four human HGG tumor cell lines were used: A7, U87, and T98G cells were obtained from the European 10 Normal human astrocytes (NHA, Clonetics Astrocyte cell systems) were supplied by Cambrex Bio Science.
Newly established glioma cell lines were kindly supplied by Professor S. Brandner at the Institute of Neurology, Queen Square. These cell lines were established from recently resected GBM cases as part of a tumor biobank initiative. All patients gave consent for their tumor specimens to be used for research purposes prior to surgery according to local ethics procedures. For cell line establishment, the protocol described by Pollard was used. 33 We confirmed that these cells exhibit markers of tumor-derived stem cells, using immunofluorescent staining for CD133 and Nestin.
Flow cytometry
Cells were harvested at various times post-treatment by scraping and then were fixed in ice cold 70% ethanol before staining with propidium iodide (0.45 mg/mL), RNase (0.45 mg/mL), and 0.045% Tween. Resuspended cells were analyzed for DNA content on a Fluorescence Activated Cell Sorter (FACS)Vantage; data were processed with FACS CellQuest software (Becton Dickinson).
Immunofluorescence
Cells were grown in covered slide chambers (Labtech). Following treatment with XR or TMZ, they were fixed with 2% paraformaldehyde in phosphate buffered saline for 10 min, washed in tris buffered saline (TBS), then blocked with TBS containing 0.2% Triton and 1% normal goat serum and then in TBS containing 1% normal goat serum. Primary antibody at dilution 1:1600 (polyclonal Rad 51, Merck Bioscience), 1:400 (monoclonal, serine 139 phospho-H2AX, Upstate) was then added and incubated at 48C overnight. The slides were then washed with TBS/0.2% Tween and incubated with secondary antibody (Alexofluor 488 at 1:800 dilution for Rad51, 1:400 for H2AX) added for 1 h at room temperature. Slides were then washed in TBS/ 0.2% Tween, then stained with 4'-6-diamidino-2-phenylindole and mounted. Slides were viewed with a Bio-Rad confocal laser microscope for dual staining by sequentially scanning the two emission channels (488 and 514 nm). For foci, counting cells were viewed under UV illumination using a Nikon inverted microscope and x100 objective. Foci were counted in at least 100 cells per slide, and 3 slides were counted at each dose point. For calculation of proportions of cells with foci, any cell with ≥5 foci was scored positive. Mean and standard errors for foci per cell were calculated for each dose point (JMP statistical software, SAS).
Clonogenic survival
A FACS Vantage (Becton Dickinson) was used to assay clonogenic survival as described previously. 32 In this protocol, individual cells are sorted based on cell scattering parameters and counted into petri dishes or culture flasks until an exact predetermined number is reached in a modification of the method originally described by Durand. 34 In our experiments, 500 -5000 cells were sorted per flask depending on the expected surviving fraction after irradiation, to keep the number of colonies per flask at approximately 200. Three replicates were used at each dose in each experiment so at least 1500 cells were assessed at each dose point. Irradiations were carried out using a 240 kVp Pantak X-ray set. To assess the effects of drug treatment on survival, parallel flasks were included in which cells were exposed to the drug for varying times pre-and postirradiation. In knockdown experiments, cell numbers were calculated using serial dilution and were treated on day 0 with either short-interfering RNA (siRNA) targeting Rad51 or nonspecific sequence control prior to assessing survival after XR treatment as described above.
Sulphorhodamine assay for cytotoxicity
Newly established GBM cell lines at early passage numbers were grown in vitro in attached cultures as described above. The sulphorhodamine (SRB) assay was carried out when cells were in log phase growth, and preliminary experiments were conducted to determine optimal plating densities. Treated or untreated newly established GBM cell lines were processed using SRB colorimetric assay at day 3 post XR or day 9 post TMZ treatment.
Drug treatment
For TMZ treatment, cells were pre-incubated with various concentrations of TMZ with or without 50 mM Bg for 3 h (high MGMT cell line, T98G). Fresh medium with or without Bg was replenished after 3 h and at 48 h. In combination experiments, cells were irradiated on day 3 post TMZ exposure, to ensure that TMZ-induced damage was apparent at the time of irradiation, which mimics the clinical situation when patients are treated continuously with TMZ through radiotherapy.
Western blot
Cell pellets were lysed in 100 mL ice-cold lysis buffer containing protease inhibitor (Sigma).The protein concentration in each sample was determined, and samples were fixed in Laemelli sample buffer (Bio Rad). Equal amounts of protein were loaded onto 10% NuPage gels (Invitrogen) and were subjected to electrophoresis in MOPS (3-(N-morpholino)propanesulfonic acid) running buffer (Invitrogen) at 125 V for 1.5 h. Samples were then transferred to polyvinylidene fluoride membrane (Millipore) for 60 min at 100 V. Membranes were blocked in TBS/Tween containing 5% milk and 1% bovine serum albumin (BSA) for 1 h and then washed and incubated with primary antibodies to MGMT, Rad51, BRCA2, Chk2, and Ku70 (Cell Signalling) and anti-b actin (Abcam) in TBS containing 5% BSA overnight at 48C. Membranes were then washed and incubated with secondary antibodies (1:30000 anti-mouse horseradish peroxidase (HRP; Dako Cytomation) and Qdot anti-chicken 655 (Invitrogen)) for 1 h at room temperature in TBS containing 2.5% milk. Membranes were washed again.
Images were captured using a 4000 MM imaging system (Eastman-Kodak) equipped with 410 excitation and 670 emission filters. Following fluorescence imaging, blots were incubated with ECL Advance (GE Healthcare) and scanned for luminescence.
Protein knockdown by RNA interference
Sequence-specific siRNA targeting Rad51 was supplied by Dharmacon (Lafayete) with a control nonspecific sequence. These oligonucleotides were transfected into T98G cells using Lipofectamine (Invitrogen) or into newly established GBM cell lines using DharmaFECT4 (Thermo Scientific). Following a 24 h transfection period, medium was replaced with standard antibioticfree growth medium for 24 h before cells were used in clonogenic survival or immunofluorescence assays as described above. Protein knockdown was confirmed using western blot on samples taken at the time of irradiation and by absence of Rad51 foci following irradiation in parallel chamber slides prepared for immunofluorescence. For graded knockdown, shRNA plasmids supplied by ThermoFisher Scientific were used; 1 mg of plasmid DNA was transfected using Lipofectamine according to manufacturers instructions. Two hours after transfection, the cells were washed with fresh medium 3 times and finally overlaid with fresh medium and allowed to recover overnight. The following plasmids were used in which the hairpin, puromicin resistance, and the green fluorescent protein (GFP) sequence were all linked and under the control of the same promoter: pGIPZ empty vector control, RHS4379 (led to cell line E); pGIPZ nontargeting shRNA control, RHS4371 (led to cell line NT); pGIPZshRNA Rad51, clone 171184 (led to cell line A); pGIPZshRNA Rad51, clone 218486 (led to cell line B); pGIPZshRNA Rad51, clone 239089 (led to cell line C). After 24 h cells were split onto 10 cm dishes and fed with fresh medium supplemented with Puromicin, to allow for selection of cells having stably integrated the plasmid. Selection was deemed complete when all the cells from the untransfected wells had died. To ensure uniformity of hairpin expression, the stable cell lines emerging from puromicin selection were further sorted by FACS according to their GFP brightness (top 50% bright selected).
Immunohistochemistry for Rad51
Formalin fixed, wax embedded specimens were dewaxed in xylene (Surgipath) and then in consecutive 100%, 90%, and 70% industrial methylated spirit (IMS Surgipath) for 2 min each. The slides were then washed and heat-induced antigen retrieval was carried out using 10-mM citric acid (VWR), pH was adjusted to 6 with 2 M sodium hydroxide (Sigma Aldridge), and then slides were heated in this buffer in an 800 W microwave for 4 min. The specimens were washed with TBS, and then peroxidase block (DAKO) was added for 5 min. One in 20 dilution of anti-Rad51 antibody (Abcam) was applied for 60 min at room temperature and then slides were washed twice with TBS. Mouse HRP (DAKO) was applied for 35 min at room temperature and then washed and 3,3'-diaminobenzidine applied at a dilution of 1 in 50. Nuclei were counter-stained in Gills I haematoxylin (Surgipath) for 5 s, then finally washed and dehydrated by immersion in successive 70%, 90%, and 100% IMS for 2 min each, then xylene for 2 min.
Nineteen paraffin embedded gliomas were stained. Human testicular tissue was included in each staining run as a positive control. Samples were provided by Professor Sebastian Brandner, National Hospital for Neurology and Neurosurgery. All patients had undergone informed consent for part of their tumor specimen to be used for research purposes. All specimens were obtained at first surgery, i.e., prior to any cytotoxic treatment. Staining was scored by examining each specimen under 200× magnification. Ten fields were examined per tumor,and each specimen was categorized into one of four groups: 0, ,10, 10 -50, and .50% of cells positive for Rad51 staining.
Results
Repair protein levels in glioma cell lines Figure 1A shows BRCA2, Ku70, Chk2, and Rad51 protein levels in 2 glioma cell lines (T98G [TP53mut] and U87 [TP53wt]) and normal human astrocytes (NHAs) measured on western blot. These data demonstrate higher levels of Rad51 in glioma cells compared with NHA, as well as higher expression of BRCA2 and Chk2. U87, but not T98G, cells also demonstrated slightly higher Ku70 levels compared to NHA. We then assessed Rad51 levels in a larger series of glioma cell lines and included different conditions to establish whether TMZ or Bg treatment affected Rad51 expression. Figure 1B shows Rad51 levels in four glioma cell lines (A7, T98G, U373, U87) compared with NHA in untreated conditions (c), on day 3 post XR (D3), with Bg (D3Bg) or Bg and TMZ (D3Bg TMZ). Figure 1C shows the corresponding flow cytometry data, confirming a TMZ-induced G2 arrest in glioma cell lines at 72 h post exposure as expected. The lack of G2 arrest in NHA is likely to be due to the very long doubling time of these cells. These data suggest that high Rad51 levels are a feature of HGG cell lines and that this is not altered by treatment with TMZ or the resulting G2 cell cycle arrest, with or without Bg treatment.
Rad 51 foci post XR and TMZ
Rad51 forms repair associated foci following DNA damage and at sites of replication fork collapse. Damage-induced foci are most prominent at relatively late time points after irradiation, between 4 and 24 h, suggesting that they may locate at complex or poorly repaired lesions. We investigated Rad51 foci formation following radiation, TMZ, and combined treatment in 4 glioma cell lines. Data are presented in Fig. 2A as the proportion of cells with ≥5 foci at 4 h post-XR treatment in each cell line and show an increase in foci numbers after XR. A panel showing the typical appearance of T98G cells stained for Rad51 foci after 0, 1, and 2 Gy are also shown (right panel). We have previously demonstrated that this high proportion of cells with significant foci numbers is not simply due to high S-phase fractions, as they also occur in non-S phase cells. 28 Although these numbers reach a plateau after 1 Gy XR, a further increase in mean foci numbers/cells occurs when TMZ is added to 2 Gy XR in T98G (TP53mut) cells, the cell line that shows the most marked XR effect (Fig. 2B) , and in TP53wt U87 cells, which show a smaller XR effect and lower foci numbers (Fig. 2C) . These data suggest that both clinically relevant XR doses and TMZ induce Rad51-dependent repair in these glioma cells and that combination treatment may be associated with higher activation levels than XR alone.
Rad 51 knockdown and radiosensitivity
Since the data presented above suggest that Rad51-directed repair may be relevant to XR-induced DNA DSB, we also assessed the effect of Rad51 knockdown on radiosensitivity using siRNA. Rad51 siRNA treatment alone reduced plating efficiency in these cell lines by a small amount (T98G cells PE control ¼ 0.47, PE Rad51 siRNA ¼ 0.4). The results of Rad51 knockdown on radiosensitivity in the TP53mut cell line T98G are shown in Figure 3A expressed as surviving fraction. This demonstrates significant reduction in clonogenic survival associated with Rad51 knockdown compared with nonspecific sequence across the XR dose range 0.1 to 5 Gy. To further confirm the specificity of this response, we used shRNA technology to expose cells to graded levels of Rad51 protein. Figure 3B shows the effect of different shRNA constructs designated a-c on Rad 51 protein levels. Construct a is associated with lower protein levels than b and c, respectively. The corresponding clonogenic survival data for cell lines stably transfected with these constructs are shown in Figure 3C , as plating efficiency (PE; upper panel) and surviving fraction (lower panel). As in the siRNA data, there is a small reduction in PE associated with all 3 constructs, but the reduction in surviving fraction following radiation is more marked with the construct (a), which leads to the lowest protein levels. These data support a correlation between Rad51 protein levels and cell survival following radiation.
Rad51 knockdown and chemosensitivity
HGGs are frequently treated with TMZ as well as XR. Therefore, we also assessed the affect of Rad51 knockdown on sensitivity to TMZ in the same cells. Figure 4A shows that TMZ alone has no effect on PE of T98G (solid line, open symbols), as has been shown previously, due to high MGMT levels. 16 Cytotoxicity could be promoted when Bg was coadministered (Fig. 4A dashed line) , which produced toxicity levels approaching those in an MGMT deficient cell line, U373 (Fig. 4A solid line filled symbols) . Figure 4B shows the effect of Rad51 siRNA compared with nonspecific sequence with and without TMZ and Bg treatment on PE in T98G cells, demonstrating an increase in cytotoxicity when siRNA is used prior to TMZ. PE with TMZ + Bg (hatched bar) ¼ 0.397 with Rad51 knockdown (grey bar) ¼ 0.29, with TMZ + Rad51 knockdown (black bar) ¼ 0.04. Figure 4C demonstrates that knockdown reduced protein levels assessed on western blot (lower panel) and abolished Rad51 foci formation measured as mean foci numbers per cell on immunocytochemistry (bar chart, upper panel) after XR or combined treatment. These data suggest that Rad51 knockdown enhances TMZ toxicity at a dose that induces DNA damage, consistent with previously published studies showing that repair of TMZ-induced damage is Rad51 dependent.
Rad51 knockdown and combination treatment
Newly diagnosed HGGs are treated with combination XR and concomitant TMZ. We assessed cytotoxicity of combination treatment in 2 of the cell lines discussed above; T98G (high MGMT) and U373 (low MGMT). As described above, TMZ alone had no effect on plating efficiency of T98G, as expected, but cytotoxicity could be promoted when Bg was coadministered, U373 has low MGMT levels and is sensitive to TMZ alone. There was no effect of Bg alone in either cell line (data not shown). When cytotoxic doses of TMZ were administered prior to XR, no radiosensitizing effect of TMZ + Bg was observed in either cell line in clonogenic survival experiments. Figures 5A and 5B show equivalent surviving fraction data when the reduced PE due to TMZ is taken into account in both cell lines. Since Rad51 knockdown produced increased cell killing when these agents were used alone, we postulated that reducing Rad51 levels would significantly improve cytotoxicity after combined treatment. Figure 5C shows the results of Rad51 knockdown on cytotoxicity in clonogenic survival experiments after combined treatment in T98G cells expressed as changes in PE, confirming a significant effect on cytotoxicity when siRNA directed against Rad51 is added to combined treatment with XR + TMZ. It is noteworthy that the effect of Rad51 knockdown in these circumstances is mainly due to reduced PE associated with TMZ treatment. There does not appear to be any additional radiosensitizing effect in these experiments. This is illustrated in Fig. 5D , which shows these data as relative survival after TMZ and XR accounting for the effect of Rad51 knockdown in unirradiated cells.
Repair of DSB after XR, TMZ, and combined treatment
In addition to promoting sensitivity to both XR and TMZ, inhibiting Rad51-dependent repair may be expected to change the kinetics of DSB repair, since it is responsible for a predominantly slow repair component. We have measured this using induction and resolution of phosphorylated H2AX foci in cells treated with each agent alone and with combination treatment with and without Rad51 siRNA. H2AX foci form rapidly at sites of chromatin structural change associated with DNA DSB, and enumeration of these foci has been shown to correlate closely with induction and repair of radiation -induced DSB. 35 It has been demonstrated recently that persistence of H2AX foci at 24 h is closely correlated with loss of clonogenicity following exposure to a variety of DNA-damaging agents, including radiation and TMZ. 36 Data assessing H2AX foci after XR, TMZ, and combination treatments are shown in Figure 6 , which demonstrates increased residual H2AX foci at 24 h following combined treatment with XR, TMZ, and Rad51 knockdown. Following 2 Gy or TMZ alone, foci numbers return to baseline at 24 h; however, Rad51 siRNA significantly increases foci numbers at 24 h after TMZ (P ¼ .0002) and after 2 Gy (P ¼ .012). The addition of siRNA also causes a significant increase in foci at 24 h following combination treatment compared with the effect of nonspecific sequences (P ¼ .0008), which is larger than the effect of siRNA with TMZ only (P ¼ .05). 
Rad51 knockdown in newly established GBM cells
Since established glioma cell lines may have undergone specific adaption and mutation that have allowed for their prolonged passage in culture and may therefore display different repair responses compared with GBM cells newly established from tumors, we also investigated the role of Rad51 in newly established GBM cell lines. We first confirmed that these cell lines express the stem cell marker proteins CD133 and nestin, as shown in representative immunoflourescent staining images in Figure 7A . We then investigated Rad51 protein levels in 2 of these cell lines. Western blots from cell lines designated GBM 4 and 7 are shown in Figure 7B alongside T98G and U87 cells and demonstrate that the newly established cells have similar Rad51 levels to the established cell lines. These experiments also confirmed no significant MGMT protein in these cell lines, predicting sensitivity to TMZ. In preliminary experiments, we defined TMZ cytotoxicity in 2 of these cell lines, GBM 4 and GBM 7, and confirmed an additive effect of TMZ + XR, as in the established glioma cells. Figure 8 shows toxicity data measured using the SRB assay in GBM4 and GBM7 cells exposed to graded TMZ concentrations and 0, 2, and 5 Gy XR. We then targeted Rad51 using siRNA in these cells and measured the effect of Rad51 knockdown on cytotoxicity of XR and TMZ using the SRB assay. The results of these experiments are shown in Figure 9 , in which the effect of Rad51 knockdown following 0, 2, or 5 Gy XR is shown across a range of TMZ concentrations between 10 and 50 mM. We repeated each experiment twice in each cell line with very similar results. These data suggest that compared with the established cell lines, GBM4 and GBM7 are extremely sensitive to Rad51 inhibition, which causes a dramatic reduction in viability compared with nontargeting control sequences. This effect is so marked that an additional effect of Rad51 targeting on the cytotoxicity of XR and/or TMZ cannot be quantified in these experiments. This is dissimilar to the effect in established glioma cells, in which PE was much less affected by Rad51 knockdown and suggests that even in the absence of exogenous damage Rad51 is important for viability in these newly established cells.
Rad51 in fixed tumor specimens
Since these in vitro data suggest that Rad51 may be relevant to toxicity of XR and TMZ in glioma cell lines and to maintaining viability in newly established GBM cells, we then investigated whether high Rad51 levels in glioma specimens could be associated with prognosis, as suggested by other authors. 37 We stained a series of 19 different formalin fixed glioma specimens for Rad51 protein levels. Table 1 lists the histological diagnosis and proportion of cells staining for Rad51 in these samples. Figure 10 shows a representative section of testis (used as positive control), a grade III astrocytoma, and a grade IV astrocytoma (i.e., GBM). These data suggest that the proportion of cells staining for Rad51 in tissue sections of glioma is variable and does not correlate with tumor grade.
Discussion
In the studies discussed here we have confirmed that radioresistant HGG cells exhibit high Rad51 protein levels in vitro. This is also true of recently established GBM cell lines and is consistent with published data in several tumor types in which it has been correlated to treatment outcome-for example, in lung, head and neck, and breast carcinomas, high Rad51 protein levels have been related to poorer outcome, 38 -40 and high expression levels may be related to an aggressive phenotype in prostate cancer. 41 Recent data have also related low Rad51 foci numbers at 24 h post treatment to improved response to neoadjuvant chemotherapy in breast cancer. 42 In glioblastoma specimens, however, there are data suggesting that high Rad51 levels may be associated with a better prognosis. 37 Despite convincing in vitro evidence of high Rad51 levels in HGG cell lines, in our series of clinical glioma specimens it is clear that Rad51 expression measured using immunohistochemistry is variable and does not correlate with grade. This may reflect differences among subpopulations of cells within these tumors, which represent those that can be established as cell lines but which cannot be identified separately on immunohistochemistry. It is also possible that within tumors of the same grade-for example, GBM-this relationship may be different. Nevertheless, considering the large number of clinical and pathological variables that are known to impact on prognosis even within glioma subtypes, it will be difficult to establish the relevance of Rad51 expression outside very large clinical series.
In addition to high Rad51 expression, all the established glioma cell lines we studied also showed an increase in Rad51 foci positive cells after low radiation doses, which could be increased further with the addition of TMZ in both TP53wt and TP53mut cells, consistent with a model in which these protein complexes are formed at sites of ongoing DSB repair. The relationship between induction and resolution of Rad51 foci with radiosensitivity and chemosensitivity is not clear. One previous study found no correlation between numbers of foci at 4 h and SF2, but suggested that persistence of foci beyond 24 h was associated with radiosensitivity, and this has been confirmed by recent studies using a variety of DNA damaging agents Fig. 8 . Cytotoxicity of temozolomide in the 2 newly established glioma cell lines GBM 4 (A) and 7 (B). Cells were exposed to graded doses of TMZ for 3 h on day 0 then irradiated with XR doses 0, 2, or 5 Gy on day 8 then assessed for viability on day 5 post XR using the SRB assay. Data points represent means from 6 experimental points at each dose combination in a single experiment. in cells that express GFP-tagged Rad51. 43 In the radioresistant established glioma cell lines that we assessed, Rad51 foci induced by XR alone disappeared by 24 h (data not shown), consistent with the notion that foci resolution is associated with efficient repair and radioresistance. Other authors have also documented a plateau effect in Rad51 foci numbers above a certain XR dose level, but the mechanism behind this remains unclear. 44 High Rad51 levels and dose-dependent foci formation suggest that Rad51-dependent repair makes a significant contribution to DSB repair after clinically relevant radiation doses in glioma cells. The data we have presented here using Rad51 knockdown confirm that this is the case; asynchronous cells are significantly radiosensitized when Rad51 protein levels are reduced and the sensitization is proportional to the protein levels. This is consistent with previous data showing marked G2 delay after low XR doses and large component of slow repair in these cells 28 and suggests that in these cells HR contributes to a larger proportion of repair following XR than in other cell lines, including NHA.
Other studies have suggested a significant influence of Rad51 in chemoresistance of some tumor cell lines such as sarcomas, implying that inhibition may potentially sensitize tumor cells. 26 The relevance of Rad51 levels to TMZ resistance is predictable, as this drug causes a prominent G2 cell cycle delay, which is thought to promote efficient repair of cytotoxic DSBs. Since a large proportion of treated cells are delayed in G2 phase, Rad51-dependent repair would be predicted to make a significant contribution to recovery. This has been confirmed by recently published data, which suggest that resolution of DSBs produced by alkylator induced O 6 -methlylation of guanine is critically dependent on homologous recombination. 11 Our data confirm that TMZ cytotoxicity is significantly enhanced by Rad51 siRNA and that this is associated with reduced repair foci formation and excess unrepaired DSB at 24 h assessed by g-H2AX labeling.
We also postulated that in the presence of high Rad51 levels, HGG cells may be efficient at repairing DSB caused by both XR and TMZ and therefore no radiosensitizing effect of TMZ would be apparent, but that inhibition of relevant repair pathways may promote more marked cytotoxicity of combined treatment. The data shown here suggest that combination treatment including XR, TMZ, and Rad51 siRNA produces a marked reduction in survival of T98G cells and that this triple combination treatment is associated with a large fraction of DSBs that remain unrepaired at 24 h post treatment. Nevertheless, our survival data do not suggest a synergistic effect, in fact an additional effect of Rad51 knockdown on XR survival is not apparent when all 3 agents are used. This may in part be due to the difficulty of defining changes in survival in the context of the low PEs apparent when Rad51 knockdown is used with TMZ. It is also possible that the effect of Rad51 knockdown in the presence of TMZ selectively kills cells in S/G2 phase, which would also be the population that is sensitized to XR, therefore no additional toxicity is apparent with the combined treatment. Despite this, the DSB repair data suggest that a further exposure after a 24-h gap, as in clinical radiotherapy regimens, may promote further cytotoxicity due to residual unrepaired DNA DSB.
Our data using newly established GBM cell lines also confirm high Rad51 levels; however, unlike the established glioma cells, these cell lines show a marked sensitivity to Rad51 knockdown even in untreated cells. This effect was so marked that we could not assess whether there was an additional effect on XR or TMZ sensitivity in the dose ranges we studied. This suggests a dependence on Rad51 repair in the absence of exogenous damage in newly established glioma cells that is not apparent in established cell lines. The reason for this difference in sensitivity is unclear; however, a role for Rad51 in replication in the absence of exogenous damage has recently been suggested, in which it may protect single-strand intermediates from nuclease digestion. This may suggest that high levels of replication stress could increase Rad51 dependence. 45 Whether this is the explanation in glioma cell lines used here requires further investigation.
Overall, the data presented here suggest an important influence of Rad51-dependent repair on radioresistance and chemoresistance in glioma cell lines at clinically relevant doses and on the viability of newly established glioma cell lines. Preclinical studies are beginning to confirm that Rad51 is a potentially effective target in gliomas treated with radiation. Most notably gene therapy delivering siRNA targeted against HR has recently been demonstrated to be an effective radiosensitizer in small animal models. 46 Clinical studies have also suggested that agents that inhibit homologous recombination, including Gleevec, can be effective in treating gliomas when combined with DNA damaging agents such as hydroxyurea, which promotes HR intermediates at stalled replication forks. 47 Targeting HR is a particularly appealing strategy because of the potential selectivity for tumor cells and new approaches to reducing Rad51 activity are being developed-for example, by utilizing high affinity peptides derived from BRCA2 binding site proteins to reduce functional Rad51 levels or to target the gene promoter in suicide gene therapy. 48, 49 This approach would produce a favorable therapeutic ratio for locally delivered therapy, since noncycling surrounding brain tissue is not expected to exhibit significant dependence on Rad51-dependent repair. For systemically delivered treatment, there may be a risk of sensitizing nontumor, dividing tissue, although the very high level of Rad51 in glioma cells is likely to provide a therapeutic window, which would need to be defined in preclinical in vivo models.
In summary, these data confirm the importance of Rad51-dependent repair in glioma cells and suggest that approaches that inhibit recombination repair may prove to be an effective adjunct in standard clinical regimens using XR and TMZ.
